for the GAP Study Group 3 PURPOSE. To determine the topographic distribution and progression of geographic atrophy (GA) in patients with AMD.
RESULTS. The center and inner zones were involved in almost all eyes (>95%), while atrophy was less common in the outer zone subfields (76%). Inner zone atrophy size (median 4.00 mm 2 ) and progression rate (0.67 mm 2 /year) were significantly greater than in the outer zone (0.60 mm 2 and 0.42 mm 2 /year; P < 0.001). There was a trend toward outer zone subfield and periphery involvement with increasing total size of atrophy. In addition, the superior outer subfield was significantly more affected by atrophy as compared with the other three outer subfields of the grid (P < 0.001).
CONCLUSIONS. Distribution and progression of existing GA patches depended both on the eccentricity from the center and total GA size. Central macular areas appeared most susceptible for the occurrence and expansion of GA. Refined analysis of distribution and directional spread is important to understand the natural history of the disease. This information will likely be helpful to design interventional GA clinical trials and associated anatomical outcome measures. (ClinicalTrials. gov number, NCT00599846.) (Invest Ophthalmol Vis Sci. 2012; 53:4932-4939 ) DOI:10.1167/iovs. G eographic atrophy (GA) is the atrophic late-stage manifestation of nonexudative AMD. This disease is responsible for severe visual loss in approximately 20% of all AMD patients, [1] [2] [3] [4] [5] [6] and is characterized by the development of atrophic areas that enlarge steadily over time and are associated with a corresponding absolute scotoma. The pathophysiological mechanisms underlying disease development and progression are still poorly understood.
The term ''geographic atrophy'' was originally introduced because it was felt that well-demarcated borders of atrophic areas would not seem to be related to specific anatomic structures. [1] [2] [3] Subsequently, the phenomenon of ''foveal sparing'' was observed (i.e., the development and enlargement of atrophy outside the fovea with involvement of the foveolar tissue late in the disease course [4] [5] [6] . In this context, Sunness and colleagues observed in a subgroup of GA patients the coalescence of atrophic areas with development of a ''horseshoe'' or later ''ring'' configuration of atrophy surrounding the fovea. 4, 5 This pattern of disease evolution corresponds with progressive visual impairment that is initially characterized by reading difficulties due to parafoveal scotomata while the central visual acuity is preserved. 7 Finally, when the fovea becomes involved, a dramatic loss in vision occurs.
The reason for the relative slower spread of atrophy toward the foveal center remains unclear. Given the high density of cone photoreceptors in the fovea, several authors have considered a preferential vulnerability of the rod system and relative resistance of the cone system with regard to the underlying disease process. [8] [9] [10] [11] [12] [13] Others have postulated that the unique choroidal blood supply in the fovea may be protective against atrophy involvement. 14, 15 Lastly, the high density of luteal pigment (i.e., lutein and zeaxanthin) at the level of the neurosensory retina in the central macula may impact the spread of atrophy. 16 Fundus autofluorescence (FAF) imaging is a noninvasive imaging method that allows for topographic mapping of lipofuscin distribution in the RPE cell monolayer in-vivo. 17, 18 Due to the absence of RPE lipofuscin, atrophic areas in eyes with GA have a severely reduced signal. The high contrast of these hypoautofluorescent areas, compared with nonatrophic retina, allows for easy and accurate determination of lesion boundaries, particularly when compared with conventional fundus photography. Using customized image analysis software, atrophic patches can be quantified and the spread of the total size of atrophy can be determined over time. 19, 20 Previously, longitudinal natural history studies have reported mean annual progression rates of atrophy between 1.3 mm 2 / year and 2.6 mm 2 /year (Holz et al. IOVS 2010; 51 :ARVO E-Abstract 94). [21] [22] [23] [24] [25] It would be useful to understand the distribution and progression patterns of GA to gain insight into disease pathogenesis, and to better design GA interventional trials and study endpoints. However, to date, there is minimal information regarding topographic spread characteristics of atrophy other than the foveal sparing phenomenon described above. Likewise, neither quantitative data on the topographic distribution nor regional/directional enlargement of atrophic areas have been reported. The aim of this study was to systematically analyze the topographic distribution of atrophic areas and their progression over time in a large natural history study in subjects with GA using FAF imaging.
METHODS Population
Subjects were recruited from the natural history of Geographic Atrophy Progression (GAP) Study. This prospective, multicenter, noninterventional, observational study with no masking or randomization was originally designed to identify risk factors and to quantify atrophic lesion growth in patients with GA secondary to AMD. Clinical centers in the United States, Europe, Israel, and Australia participated in this endeavor. The study followed the tenets of the Declaration of Helsinki and was approved by the local ethics committees. Informed consent was obtained from each subject after explanation of the nature and possible consequences of the study. Scheduled study visits were at baseline and every 6 months for up to 18 months. The primary and secondary study objectives are not the aim of the current publication and will be reported elsewhere.
For inclusion, subjects had to be 50 years of age with a welldemarcated area of GA secondary to AMD in the study eye. The total GA lesion size had to be 17.5 mm 2 (approximately 7 disc areas [DA]) with one single lesion of at least 1.25 mm 2 (0.5 DA). Best-corrected visual acuity in the study eye had to be ‡35 letters (20/200 Snellen equivalent or 1.0 LogMAR). In the fellow eye, drusen ‡63 lm or GA had to be present. Patients were not eligible if any signs of hemorrhage or choroidal neovascularizations were observed in either eye. At the baseline visit, all subjects underwent a complete ophthalmic examination including dilated fundus exam; retinal images were collected using confocal scanning laser ophthalmoscopy (cSLO) imaging and fundus camera photography. Each participating clinical center investigator determined eligibility. Imaging data were sent to a central reading center for analysis.
Imaging Protocol
Retinal imaging and data submission were performed according to standardized Duke Reading Center and GRADE Reading Center operating procedures. These procedures included certification of each photographer prior to the initiation of the study at his/her clinical site. All subjects underwent cSLO retinal imaging (Heidelberg Retina Angiograph, HRA classic, HRA2 or Spectralis; Heidelberg Engineering, Heidelberg, Germany) that included acquisition of near-infrared reflectance (IR 820 nm), blue reflectance (BR, 488 nm [HRA2 and Spectralis] or 512 nm [HRA classic]) and FAF (exc 488 nm, em 500-700 nm). Images were recorded with a minimum resolution of 512 3 512 pixels. The field of view was set at 308 3 308 and centered on the macula. For the FAF modality, two additional fields were obtained, one temporal to the macula and the other nasal to the macula centered on the temporal aspect of the optic disc. Retinal imaging data were uploaded by each clinical site through a secure website to an electronic database. Images were then assigned to readers who analyzed the images according to predefined grading parameters, including FAF pattern classification and atrophy configuration (unifocal/multifocal). 21, 26 The total GA size was assessed by semiautomated customized image analysis software according to standard operating procedures as previously described. 19, 27 According to these procedures, follow-up images were aligned to each corresponding baseline image and the individual baseline image scale factor was used for all images of the same eye to determine the total atrophy size in mm 2 at each visit. This factor is based on a Gullstrand eye, assuming standard corneal radii and taking into account the individual spherical refraction as adjusted by the operator during image acquisition. 28 This represents an estimation of absolute area size values. For each visit, a grading report was generated, signed, and archived. Additionally, processed images with atrophic lesion boundaries automatically outlined in white were electronically saved.
Image Grading
For the current analysis, the processed images of the GA quantification procedure were used with lesion boundaries outlined in white color. A modified Early Treatment Diabetic Retinopathy Study (ETDRS) grid was placed on the foveal center with a horizontal line at the outer edge crossing through the optic disc ( Fig. 1) . To identify the foveal center, the distribution of macular pigment (if present in case of foveal sparing) and the shape of the retinal vessels (assuming the foveal center to be approximately 158 temporal and approximately 0.58 inferior to the center of the optic nerve head) were used as landmarks. 29 Using the grid, the posterior pole was divided into nine different subfields and periphery. The diameters of the grid were set to 1200 lm, 3600 lm, and 7200 lm. The layer function of a graphics editing program (Adobe Photoshop CS4; Adobe Systems Inc, San Jose, CA) was applied to all images in a series to ensure that the grid was placed at exactly the same position for all visits of each study eye.
The grading was performed by two independent readers (MMM and SF) following senior review (SSV). Reader tasks included placement of the ETDRS grids on the foveal center, documentation of the GA presence/ absence in every subfield, and-in case of GA presence-the quantification of total atrophy area size in every individual subfield using the previously described customized, semiautomated image analysis software. 19 Measurement results were automatically exported to a commercial spreadsheet application (Microsoft Excel; Microsoft Inc, Redmond, WA) for further analysis. The placement of the grid and the quantification of subfield atrophy was reviewed by the senior grader. In addition, the sum of all subfields of every visit was compared with the originally reported total size of atrophy of the GAP Study for plausibility testing.
Statistical Analysis
Data were compiled in a spreadsheet application and analyzed using statistical analysis software (SPSS 18; IBM SPSS Statistics, Chicago, IL). Statistical analysis included frequency and descriptive statistics. The following definitions were used: The central subfield was defined as the central zone, the four subfields between the center and middle circles as the middle zone, and the four subfields between the middle and outer circles as the outer zone, respectively. Any atrophy beyond the ETDRS grid was considered atrophy in the periphery. Furthermore, the data of each of the two superior, inferior, nasal, and temporal subfields were summarized in four ''slices.'' The atrophy size (area in mm 2 ) at the last available visit was subtracted from the baseline visit atrophy size (assuming a linear growth rate) to calculate the atrophy progression rate. If no atrophy was present at the last visit in a certain subfield, zone or slice, the progression rate was set to zero.
The size and progression rate of atrophy in different subfields, zones, and slices was compared with each other using the Friedman test. Statistical significance was set at P < 0.05.
RESULTS

Patients Characteristics
A total of 413 eyes of 413 subjects with GA and a median age of 77 years (interquartile range [IQR] 72-82 years) were included in the analysis. There were 169 (41%) men and 244 (59%) women. The median total GA size for all eyes at baseline was 6.13 mm 2 (IQR 2.95, 10.1). Of these 413 subjects at baseline, longitudinal data at month 6 was available for 316, at month 12 for 161, and at month 18 for 41 subjects. The limited follow-up data is mainly due to early termination of subjects in the GAP study who were then enrolled in the Geography Atrophy Treatment Evaluation (GATE) study (ClinicalTrials.gov number, NCT00890097). Using the difference between the last available visit and the baseline visit for each subject, the median progression rate was 1.49 mm 2 /year (range, 0.06-7.33).
Topographic Presence of Atrophy
The distribution of the presence of any atrophy for each subfield, zone, and slice is illustrated in Figure 2 (upper row) . The center and inner zones were involved in almost all subjects (>95%), while atrophy was less commonly observed in the outer zone. Retinal areas beyond the ETDRS grid were affected in only 10%. There was no obvious atrophy predilection for superior, inferior, nasal, or temporal regions.
Topographic Quantification of Atrophy
The topographic distribution for atrophy quantification is illustrated for each subfield, zone, and slice in Figure 2 (middle row). The median atrophy size within the center zone was 0.86 mm 2 . That corresponded, given the mathematically possible size of 1.13 mm 2 , to 75% of maximum area involvement. The inner zone was with a median size of 4.00 mm 2 (2.07-6.41) significantly more affected as compared with the outer zone with 0.60 mm 2 (0.02-2.61; P ¼ 0.001; Fig. 2 , middle row, second column; Table 1 ), even though the maximum possible size for the former was approximately one-third of the latter.
Within the subfields of the inner zone, similar involvement with respect to size of atrophy was observed (P ¼ 0.051). By contrast, the topographic distribution of atrophy within the four subfields of the outer zone was significantly different (P < 0.001); the atrophy size was largest in the superior outer subfield as compared with the other three subfields of the outer zone ( Fig. 3 ). There were no statistically significant atrophy size differences among the four slices (Fig. 2 , middle row, third column).
Topographic Atrophy Progression over Time
The progression of atrophy for each subfield, each zone, and each slice is illustrated in Figure 2 (lower row). When each subfield is considered separately, only minor atrophy spread FIGURE 2. Overview of the presence, extent, and progression of atrophy. The presence (upper row), median size (middle row), and progression rates (bottom row) of atrophy are shown for each subfield (first column). Furthermore, the involvement for the center zone (center subfield), the inner zone (four subfields between center and middle circle) and outer zone (four outer subfields) and beyond the grid (''periphery'') is illustrated (second column). Finally, the data for each of the two superior, inferior, nasal, and temporal subfields of the inner and outer zones are summarized in so-called ''slices'' (third column). Quantitative data for size and progression rate are shown with median and IQR. was observed in the center zone, outer zone and beyond the grid, while the inner zone had rapid atrophy enlargement. Regarding the individual subfields of both the inner and the outer zones (i.e., subfields with the same size), no significant difference in atrophy progression was identified (inner zone, P ¼ 0.125; outer zone, P ¼ 0.056; Table 2 ), suggesting no predilection of GA spread over time in a certain direction (nasal, temporal, inferior, or superior) from the center. Although the area of the inner zone, 9.05 mm 2 , was smaller as compared with the outer zone, 30.54 mm 2 , the rate of progression was significantly larger for the former (median, 0.67 mm 2 /year) as compared with the latter (median, 0.42 mm 2 /year; P < 0.001).
Topography and Total Size of Atrophy
The predominance of atrophy involvement in the center and inner zone compared with the outer zone and periphery was confirmed when the size of each subfield was plotted against the total atrophy size (Figs. 4A, 4B ). Regarding the center zone, marked atrophy involvement was already observed in eyes with a total size of atrophy <2.5 mm 2 (median, 0.57 mm 2 ), while eyes with a total size of atrophy >17.5 mm 2 could still have spared central zone areas (median, 0.83 mm 2 ). The extent of atrophy, up to a total size of 17.5 mm 2 , was largest in the inner zone. In eyes with a total size >17.5 mm 2 , the subfields of the inner zone were almost completely involved by atrophy (median, 8.86 mm 2 ; area size of the inner zone 9.05, mm 2 ). According to the larger size of the outer subfields, the atrophy involvement in the outer zone then exceeded the atrophy extent of the inner zone. The outer zone was less affected than the center zone in eyes with a total size <7.5 mm 2 . With increasing total atrophy size, the relative proportion of outer zone involvement steadily increased. In the periphery, atrophy involvement was even less compared with the center zone in eyes with a total size >17.5 mm 2 .
FAF Patterns and Number of Atrophic Areas
At baseline, of the 413 included eyes, 291 (70%) had either a ''banded'' or ''diffuse'' FAF pattern and 68 (16%) had either the ''focal'' or ''none'' pattern. 26 Unifocal GA was observed in 107 eyes (26%), while 306 (74%) had more than one atrophic spot (multifocal GA). Statistical analysis showed the predominance of the inner zone compared with the outer zone in both FAF pattern subgroups (none þ focal and diffuse þ banded) and for both unifocal and multifocal GA subgroups with respect to atrophy size at baseline and atrophy progression (Tables 1, 2) . Eyes in the groups of unifocal GA and none þ focal FAF pattern did not show any further significant differences in atrophy distribution. Within the four subfields of the outer zone, there was a statistically significant difference in the extent of atrophy for the diffuse þ banded and multifocal GA subgroups. Similar Results of the statistical analysis for quantitative atrophy involvement at baseline. The four sectors of the inner zone, outer zone, and the four slices were compared with each other. In addition, the values of the four sectors of the inner zone were grouped and compared with the grouped values of the four sectors of the outer zone. This analysis was performed for all eyes and within the eyes with the none þ focal and diffuse þ banded FAF pattern. Finally, the size of atrophy was investigated within unifocal and multifocal GA eyes. Below the P values (Friedman test), the mean, and quartiles are listed. Statistical significant P values are written in bold script. to the results of all eyes together, without regard to pattern subtype, the analysis showed that the largest size of atrophy was predominantly found in the superior outer subfield. In the two subgroups of diffuse þ banded and multifocal GA, atrophy progressed faster in the superior compared with the other three subfields (P ¼ 0.009 and P ¼ 0.032). This phenomenon was not only observed for the subfields of the outer zone, but also for the superior slice (P ¼ 0.007 and P ¼ 0.002).
DISCUSSION
This study demonstrates that the inner zone of the ETDRS grid is the epicenter of GA location and progression in eyes with advanced non-neovascular AMD. The less frequent occurrence of atrophic areas in the outer zone and beyond the applied ETDRS grid would suggest that these retinal areas are less vulnerable and may, therefore, not represent the primary site of disease evolution.
The quantitative analysis herein confirms the previously noted descriptive observations of the foveal sparing phenomenon in the context of GA. [4] [5] [6] Particularly, the preservation of the residual center zone area, even in eyes with very large total atrophy size, is in accordance with complete foveolar involvement only late in the disease course. As previously speculated, this phenomenon may possibly relate to the high density of cones in the central retina, possible protective effects of macular pigment and/or the unique choroidal blood supply of the fovea. [8] [9] [10] [11] [12] [13] [14] [15] [16] In this regard, we hypothesize that the slight, but still statistically significantly larger atrophy involvement of the superior outer subfield compared with the other outer zone subfields may be caused by decreased perfusion due to gravity of retinal areas above the fovea compared with areas below the fovea. Interestingly, reticular drusen as a typical disease comanifestation of GA patients are also more prevalent in the superior outer part of the retina. 29, 30 The quantitative data obtained in this study has important functional implications. In the presence of a horseshoe or ringlike GA configuration, the assessment of central visual acuity poorly reflects the actual visual impairment of the patient when daily visual tasks such as reading speed are considered. 7 Furthermore, the ability of the patient to spot a single letter on the test chart may be misinterpreted as good visual function in daily life. Additionally, the more extensive atrophy that affects the superior outer subfield, resulting in lower visual field deficits, would cause difficulty with daily living activities such as walking and climbing stairs.
Previous studies have investigated visual function in relation to the size and location of scotomata, in eyes with scotomata unrelated to AMD-associated GA. 31, 32 Visual acuity was determined as a function of foveal eccentricity; visual acuity dropped to 58 (20/200) eccentric to the foveal center. Furthermore, reading was severely compromised in patients with manifest scotomata in the central 58 field. This scenario would roughly correlate with involvement of the center and inner zone of the ETDRS grid applied in the current study. Subjects with a total GA size >17.5 mm 2 showed overall nearly complete atrophy involvement in those areas. Assuming that absolute scotoma are spatially confined to areas of atrophy, it would be likely that such affected individuals have already lost major macular function. Furthermore, we would expect that any treatment to stop or reduce disease progression would be less likely to benefit the daily visual function for individuals with a total GA size >17.5 mm 2 . Accordingly, in interventional GA treatment trials, we would recommend excluding subjects with a GA area >17.5 mm 2 .
The strengths of the study include the use of data from a large-scale multicenter natural history study, certification of study site photographers to obtain high-quality images, prospective data collection according to standardized image acquisition, and submission procedures and evaluation of images by experienced readers at a central reading center. However, limitations need to be considered. The follow-up period was limited, which was in part due to the rollover into an interventional trial (GATE study). Furthermore, the exact positioning of the ETDRS grid represented a challenge, particularly in patients with extensive foveal disease involvement. Nevertheless, it is unlikely that the major study findings would be affected by an assumed minimal misplacement of the ETDRS grid in a subset of subjects. Current knowledge suggests that GA is a heterogeneous disease with several phenotypes. 26 Due to the inclusion and exclusion criteria of the GAP study, a selection bias in the analysis cannot be ruled out.
Notably, the ETDRS grid-defined macular areas that include center, inner, and outer zones do not correspond identically to the anatomical locations of the fovea, parafovea, and outer macular regions that may also vary among individuals. Similar caveats apply to the term foveal sparing; the exact clinical scenario whereby this term applies is unclear. Furthermore, it appears that the phenomenon of foveal sparing does not fully correspond to the maximum density of cones. 9 Further studies with multimodal retinal imaging, including spectral-domain optical coherence tomography, are needed to specifically investigate the lesion growth toward the fovea in GA subjects.
In conclusion, this study demonstrates that the distribution and progression of GA patches depend on the localization within the macula and the total GA size. The parafoveal and foveal retina appear to be more susceptible to the occurrence and expansion of GA than the outer macula.
In addition, more extensive GA involvement of the retina superiorly in the outer macula may reflect a higher vulnerability at this anatomic site. This detailed analysis of distribution and directional GA spread is useful to understand the natural history of GA and will also be helpful to design future interventional clinical trials.
